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Red  emitting  phosphors  based  on titanite,  (Ca1−x−yEuxNay)TiSiO5+ı (x =  0.05,  0.07,  0.10;  y =  0,  0.01,  0.03,
0.05),  were  synthesized  by  the conventional  solid  state  reaction  method,  and  their  photoluminesce-
nce  properties  were  investigated.  Among  (Ca1−xEux)TiSiO5+ı (x  = 0.05,  0.07,  0.10),  (Ca0.93Eu0.07)TiSiO5+ı
(x =  0.07)  showed  the highest  emission  intensity  of 14%  in  comparison  with  the  commercial
(Y0.98Eu0.02)2O2S phosphor.  Introduction  of  monovalent  Na+ into  the  (Ca0.93Eu0.07)TiSiO5+ı lattice  also
4+ 3+itanite
ed emitting phosphor
olid-state reaction method
hermal stability
enhanced  the emission  intensity  by  preventing  the  reduction  of Ti to  Ti .  Consequently,  the
(Ca0.90Eu0.07Na0.03)TiSiO5+ı phosphor  enhanced  the  emission  intensity  up  to 22%.  From  the thermal  anal-
ysis  results,  it is revealed  that  the  thermal  stability  of  the present  (Ca0.90Eu0.07Na0.03)TiSiO5+ı phosphor
was much  higher  than  that  of  the  commercial  one.
©  2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
White light-emitting diodes (WLEDs) are used for various appli-
ations such as solid state lighting sources and display devices,
ecause of the high brightness, low energy consumption, and long
ifetime [1]. Among several ways for fabricating the WLEDs, one that
s composed of a near-ultraviolet (NUV) LED chip and red, green,
nd blue phosphors applied on the chip has been widely studied,
ecause this type of WLED has high color-rendering index. Eu3+-
oped Y2O2S oxysulﬁde is popularly used as a red phosphor for the
LEDs; however, its thermal stability is low. In addition, oxysul-
de compounds are decomposed to oxides at high temperatures,
ccompanying with generation of toxic sulfur oxides. In contrast,
xide compounds are considered to be ideal materials for such
hosphors from a practical perspective, because oxide compounds
sually hold higher thermal stability than other compounds such
s oxysulﬁde.
It is well known that the luminescent properties of phosphors
igniﬁcantly depend on the interaction between the activators
n the host material. Generally, luminescent emission intensity
nhances with increasing the concentration of the activator in
he host lattice. However, redundant amount of the activator∗ Corresponding author.
E-mail address: imanaka@chem.eng.osaka-u.ac.jp (N. Imanaka).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2016.01.004
187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
would cause concentration quenching and lowering the lumines-
cent emission intensity, because the decrease in the mean distance
between the activators often induces non-radiative deactivation.
Therefore, it is important to choose the crystal structure of the
host material for designing a novel phosphor with high luminescent
efﬁciency.
Among various candidates for new host materials, our research
group has focused on several compounds with layered structure. In
the layered structure, energy transfer between the excited lumines-
cent ions across the anion groups was  blocked by the long distance
of rare earth ions of activators in the crystal structure. Therefore,
such phosphors with the layered structure would be resistant to
the concentration quenching, even if a large amount of activator
was introduced into the host lattice. Considering this, our research
group has successfully synthesized several novel phosphors with
layered structure, and has revealed that these layered compounds
are suitable for host materials of phosphors with high luminescent
property [2–5].
In this study, we focused on a CaTiSiO5 with a titanite struc-
ture (space group: P21/c), which is thermally stable (melting point:
1373 ◦C [6]) and consists of abundant elements, such as Ca, Ti,
Si, and O, as a host material for phosphor. In the titanite struc-
ture, chains of corner-shared TiO6 units are cross-linked by SiO4
units and compose rigid [TiOSiO4]2− frameworks. These frame-
works enclose the Ca2+ ions in 7-fold coordination [7]. Therefore,
by introducing Eu3+ ion into the titanite structure, red emitting
phosphors would be provided with heat-resistance property. Here,
in the literature, Pr3+ doped titanite single crystals have been
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Fig. 1. XRD patterns of the (Ca1−xEux)TiSiO5+ı samples.34 Wendusu et al. / Journal of Asia
ynthesized by Czochralski method, and partial reduction of
i4+ to Ti3+, which was induced by substitution of divalent
a2+ ions with trivalent Pr3+ ions, was inhibited by codoping
a+ [7]. It is well known that generation of Ti3+ may  decrease
he photoluminescence emission intensity, due to d–d transi-
ion of Ti3+ in red light region. From these concepts, in order to
evelop the red emitting phosphors with high thermal stability,
he titanite (Ca1−x−yEuxNay)TiSiO5+ı powders were prepared by
ntroducing Eu3+ and Na+ into the CaTiSiO5 with a conventional
olid state reaction method. The photoluminescence properties of
Ca1−x−yEuxNay)TiSiO5+ı were then investigated.
. Experimental
(Ca1−x−yEuxNay)TiSiO5+ı (x = 0, 0.05, 0.07, 0.10; y = 0, 0.01, 0.03,
.05) solids were prepared by a conventional solid state reaction
echnique. Stoichiometric amounts of CaCO3, TiO2 (rutile), SiO2,
u2O3, and Na2CO3 powders were mixed in an agate mortar, fol-
owed by mechanical mixing using a planetary-type ball-milling
pparatus (PULVERISETTE 7, Fritsch GmbH) at a rotation speed of
00 rpm for 3 h. The homogenous mixture was calcined at 1300 ◦C
or 4 h under ﬂowing the synthetic air (N2:O2 = 79:21). Before char-
cterization, all samples were gently ground in an agate mortar.
The samples were characterized by X-ray powder diffraction
XRD; SmartLab, Rigaku) with Cu-K radiation (40 kV and 30 mA).
he lattice volumes of (Ca1−x−yEuxNay)TiSiO5+ı were calculated
rom the XRD peak angles, which were reﬁned using -Al2O3
s a standard. X-ray photoelectron spectroscopy (XPS; PHI5000
ersaProbeII, ULVAC-PHI) was performed at room temperature
ith Al-K radiation (1486.6 eV). The charging effect on the
inding energies was corrected with respect to the C 1s peak
284.6 eV). Particle morphologies were observed by a scanning
lectron microscopy (SEM; SS-550, Shimadzu). Photoluminescence
xcitation and emission spectra were measured at room tempera-
ure using a spectroﬂuorophotometer (RF-5300PC, Shimadzu) with
 Xe lamp as light source. The emission spectra were obtained for
xcitation at 393 nm,  and the excitation spectra were recorded
or the emission at 614 nm.  Relative emission intensities of the
Ca1−x−yEuxNay)TiSiO5+ı phosphors were evaluated by compar-
ng the integrated area of the emission peak at 614 nm for Eu3+
ith that of the emission peak at 626 nm for Eu3+ of a commer-
ial (Y0.98Eu0.02)2O2S phosphor (for excitation at 333 nm). Internal
uantum efﬁciencies of some phosphors were measured on a
pectroﬂuorometer (FP-8500, Jasco) with a ﬂuorescence integrate
phere unit (ILF-835, Jasco) using a Xe lamp as light source, and the
ata were corrected by deuterium and halogen lamps. Differential
hermal analysis (DTA; DTA-60AH, Shimadzu) was carried out in
he temperature range between 50 and 1000 ◦C at a heating rate
f 10 ◦C min−1 in the synthetic air atmosphere, where a -Al2O3
owder in a platinum crucible was used as the counter reference
aterial for the measurements. In addition, the prepared sample
nd the commercial (Y0.98Eu0.02)2O2S phosphor were heated at
000 ◦C for 4 h under ﬂowing synthetic air (N2:O2 = 79:21).
. Results and discussion
Fig. 1 shows the XRD patterns of the (Ca1−xEux)TiSiO5+ı samples.
he samples with x ≤ 0.07 were indexed by a titanite single phase.
n the other hand, for the sample with x = 0.10, a Eu2Ti2O7 was
bserved as an impurity phase in addition to the titanite phase.
he lattice volume dependence on the Eu3+ content (x) of the
Ca1−xEux)TiSiO5+ı samples is presented in Fig. 2. The lattice vol-
me  decreased with increasing amount of the Eu3+ content (x) in
he composition range of x ≤ 0.07, while it became approximately
onstant for the range of 0.07 ≤ x ≤ 0.10. These results indicate thatFig. 2. Lattice volume dependence on Eu3+ content (x) of the (Ca1−xEux)TiSiO5+ı
samples.
a proportion of the Ca2+ ions in the CaTiSiO5 lattice was  substituted
with Eu3+, because ionic radius of Eu3+ (0.101 nm,  7-fold coordina-
tion) [8] is smaller than that of Ca2+ (0.106 nm,  7-fold coordination)
[8].
Fig. 3 depicts the photoluminescence excitation (a) and emis-
sion (b) spectra of the samples (x = 0.05, 0.07, 0.10). A weak broad
band between 310 and 355 nm,  and several sharp bands in wave-
lengths from 355 to 500 nm were recognized in the excitation
spectra of all samples. The weak broad band corresponded to
the charge transfer transition between Ti4+ and Eu3+ [9], and the
sharp bands originated in f–f transitions of Eu3+ between ground
state and excited levels of 4f6 conﬁguration. In the emission spec-
tra, all peaks originated in the transitions from the 5D0 excited
level to the 7FJ (J = 0, 1, 2, 3, and 4) ground levels of Eu3+. The
emission peak corresponding to the 5D0–7F2 electric dipole tran-
sition at 614 nm was more dominant than those attributed to the
5D0–7F1 magnetic dipole transitions at 592 and 598 nm, indicat-
ing that the Eu3+ ions occupied the Ca2+ site with no inversion
symmetry. Relative emission intensities of the (Ca1−xEux)TiSiO5+ı
(x = 0.05, 0.07, 0.10) phosphors are plotted in Fig. 4. The relative
emission intensity increased with increasing the Eu3+ content (x)
for the (Ca1−xEux)TiSiO5+ı (x = 0.05 and 0.07) samples, while that
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Fig. 3. Photoluminescence excitation (a) and emission (b) spectra of the
(Ca1−xEux)TiSiO5+ı phosphors.
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Fig. 5. XRD patterns of the (Ca0.93−yEu0.07Nay)TiSiO5+ı phosphors.Fig. 4. Relative emission intensities of the (Ca1−xEux)TiSiO5+ı phosphors.
or (Ca0.90Eu0.10)TiSiO5+ı (x = 0.10) decreased due to the formation
f the Eu2Ti2O7 impurity phase. Consequently, the highest emis-
ion intensity was obtained for the (Ca0.93Eu0.07)TiSiO5+ı (x = 0.07)
f 14% among the (Ca1−xEux)TiSiO5+ı (x = 0.05, 0.07, 0.10) phos-
hors. However, there is a possibility that d–d transition in the
ed region, occurring from Ti3+ ions, decreased the red emission
ntensity of (Ca0.93Eu0.07)TiSiO5+ı (x = 0.07). Trivalent Ti3+ ions were
artially generated from tetravalent Ti4+ due to the charge com-
ensation mechanism caused by the partial substitution of Ca2+Fig. 6. Lattice volume dependence on Na+ content (y) of the
(Ca0.93−yEu0.07Nay)TiSiO5+ı phosphors.
with higher valent Eu3+. Accordingly, codoping of monovalent Na+
is expected to enhance the photoluminescence property of the
(Ca0.93Eu0.07)TiSiO5+ı phosphor by inhibiting the reduction of Ti4+
to Ti3+.
Fig. 5 shows the XRD patterns of the (Ca0.93−yEu0.07Nay)TiSiO5+ı
phosphors. The titanite single phase was obtained for all samples.
Fig. 6 depicts the lattice volume of the (Ca0.93−yEu0.07Nay)TiSiO5+ı
(y = 0, 0.01, 0.03, 0.05) phosphors. Considering the difference of
ionic radii of the cations [Ca2+ (0.106 nm)  and Na+ (0.112 nm)  for
7-fold coordination site, and Ti4+ (0.0605 nm) and Ti3+ (0.067 nm)
for 6-fold coordination site] [8], doping Na+ into the Ca2+ site of
(Ca0.93Eu0.07)TiSiO5+ı would induce lattice expansion and lattice
shrinkage simultaneously. As shown in Fig. 6, the lattice vol-
ume  increased with increasing amounts of Na+ ions (y) for the
(Ca0.93−yEu0.07Nay)TiSiO5+ı (y = 0.01, 0.03) samples. This fact indi-
cates that the lattice expansion effect was  predominant in this
composition range and the Ti3+ was gradually oxidized to Ti4+. On
the other hand, the lattice volume became approximately constant
for the sample with 0.03 ≤ y ≤ 0.05. Therefore, it is assumed that
the solid solutions were formed for the (Ca0.93−yEu0.07Nay)TiSiO5+ı
(y = 0.01, 0.03) phosphors, and the partial reduction of Ti4+ to Ti3+
was inhibited, because of the charge compensation mechanism. For
136 Wendusu et al. / Journal of Asian Ceramic Societies 4 (2016) 133–137
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Fig. 8. Relative emission intensities of the (Ca0.93−yEu0.07Nay)TiSiO5+ı phosphors.
◦ig. 7. Photoluminescence excitation (a) and emission (b) spectra of the
Ca0.93−yEu0.07Nay)TiSiO5+ı phosphors.
he sample of y = 0.05, since there were no extra lines evident in
he XRD pattern (Fig. 5), it is considered that a trace amount of
mpurities containing Na+ ions were formed.
Fig. 7 depicts the photoluminescence excitation (a) and emis-
ion (b) spectra of the (Ca0.93−yEu0.07Nay)TiSiO5+ı phosphors. As
s the case with the (Ca0.93Eu0.07)TiSiO5+ı (y = 0) phosphor, a weak
road band (310–355 nm)  and several sharp bands (355–500 nm)
ere observed in the excitation spectra for Na+ doped samples due
o the charge transfer transition between Ti4+ and Eu3+ [9] and
he f–f transitions of Eu3+, respectively. The emission peaks cor-
esponding to the transitions from the 5D0 excited level to the 7FJ
J = 0, 1, 2, 3, and 4) ground levels of Eu3+ were recognized in the
mission spectra for these samples. The relative emission inten-
ities of the (Ca0.93−yEu0.07Nay)TiSiO5+ı phosphors are shown in
ig. 8. The relative emission intensity increased with increasing of
a+ content (y) for the (Ca0.93−yEu0.07Nay)TiSiO5+ı (y = 0.01, 0.03)
hosphors, and the highest emission intensity (22%) was obtained
t y = 0.03. In contrast, the emission intensity decreased at the sam-
le of y = 0.05, compared with that of y = 0.03. The internal quantum
fﬁciency (QE) of the (Ca0.90Eu0.07Na0.03)TiSiO5+ı (x = 0.07, y = 0.03)
as measured to be 22%, which was higher than that of the
Ca0.93Eu0.07)TiSiO5+ı (x = 0.07) (15%) without Na+ doping.
In order to conﬁrm the decrease of Ti3+ ion by
ntroducing Na+, the XPS spectra of Ti 2p core-level
or the (Ca0.90Eu0.07Na0.03)TiSiO5+ı (x = 0.07, y = 0.03) and
Ca0.93Eu0.07)TiSiO5+ı (x = 0.07) phosphors were measured, and the
esults were given in Fig. 9. For the (Ca0.93Eu0.07)TiSiO5+ı (x = 0.07)
Fig. 9(b)), Ti 2p3/2 and Ti 2p1/2 peaks of trivalent Ti3+ (457.6 eV
nd 463.0 eV) [10] were clearly observed, in addition to thoseFig. 9. XPS spectra of Ti 2p core-level for the (Ca0.90Eu0.07Na0.03)TiSiO5+ı (a) and
(Ca0.93Eu0.07)TiSiO5+ı (b) phosphors.
of tetravalent Ti4+ (458.7 eV and 464.4 eV) [11]. By introducing
Na+, however, the peak intensities of the trivalent Ti3+ (Ti 2p3/2:
457.6 eV, Ti 2p1/2: 463.0 eV) [10] decreased, as shown in Fig. 9(a).
In fact, the ratio of the trivalent Ti3+ in the Ti3+/4+ ions was only
4% for the (Ca0.90Eu0.07Na0.03)TiSiO5+ı (x = 0.07, y = 0.03), which is
explicitly lower than that for the (Ca0.93Eu0.07)TiSiO5+ı (x = 0.07)
(14%). These results clearly indicate that the trivalent Ti3+ in the
(Ca0.93Eu0.07)TiSiO5+ı was evidently oxidized to tetravalent Ti4+ by
codoping of Na+ ion.
The SEM photographs for the (Ca0.90Eu0.07Na0.03)TiSiO5+ı
(x = 0.07, y = 0.03) (a) and the (Ca0.93Eu0.07)TiSiO5+ı (x = 0.07)
(b) phosphors are shown in Fig. 10. The particles of the
(Ca0.90Eu0.07Na0.03)TiSiO5+ı were larger and smoother than those
of the (Ca0.93Eu0.07)TiSiO5+ı, indicating that the Na2CO3 additive in
the raw materials also functioned as a ﬂux.
For investigating the thermal stability, DTA was mea-
sured for the (Ca0.90Eu0.07Na0.03)TiSiO5+ı and the commercial
(Y0.98Eu0.02)2O2S phosphors, as shown in Fig. 11. For the prepared
(Ca0.90Eu0.07Na0.03)TiSiO5+ı phosphor, neither evident exother-
mic  nor endothermic behaviors were observed, and the titanite
phase was maintained after heating at 1000 C. For the commer-
cial (Y0.98Eu0.02)2O2S phosphor, however, two exothermic peaks
were clearly observed, due to the desorption of some surface
adsorbates (H2O, CO2, etc.) at 330 ◦C and the decomposition of
Wendusu et al. / Journal of Asian Ceramic Societies 4 (2016) 133–137 137
Fig. 10. SEM images of (Ca0.90Eu0.07Na0.03)TiS
Fig. 11. DTA results for the (Ca0.90Eu0.07Na0.03)TiSiO5+ı (a) and the commer-
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oial (Y0.98Eu0.02)2O2S (b) phosphors. The inset shows the XRD patterns of the
Ca0.90Eu0.07Na0.03)TiSiO5+ı (a) and the commercial (Y0.98Eu0.02)2O2S (b) after heating
t  1000 ◦C.
2O2S structure to Y2O3 and Y2O2SO4 phases at 850 ◦C (see
he inset in Fig. 11). From these results, it is evident that the
repared (Ca0.90Eu0.07Na0.03)TiSiO5+ı phosphor possesses consid-
rably higher thermal stability in comparison with the commercial
ne.
[
[iO5+ı (a) and (Ca0.93Eu0.07)TiSiO5+ı (b).
4. Conclusion
Red emitting phosphor powders, (Ca1−x−yEuxNay)TiSiO5+ı, were
synthesized by the conventional solid state reaction method and
the photoluminescence properties were investigated. The opti-
mal  concentration of Eu3+ (x) was  determined to be x = 0.07, at
which the emission intensity was  14% compared to the commer-
cial (Y0.98Eu0.02)2O2S phosphor. Furthermore, monovalent Na+ ion
was also doped into the Ca2+ site of the (Ca0.93Eu0.07)TiSiO5+ı phos-
phor, in order to prevent the reduction of Ti4+ to Ti3+, which was
induced by partial substitution of Ca2+ with Eu3+. As the result, the
(Ca0.90Eu0.07Na0.03)TiSiO5+ı phosphor showed the highest emission
intensity of 22%. From the thermal analysis results, it was evident
that the present (Ca0.90Eu0.07Na0.03)TiSiO5+ı phosphor has higher
thermal stability compared to the commercial (Y0.98Eu0.02)2O2S red
phosphor.
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